Abstract Cadmium is a heavy metal toxic for living organisms even at low concentrations. It does not have any biological role, and since it is a permanent metal ion, it is accumulated by many organisms. In the present paper we have studied the apoptotic effects of continuous exposure to subacute/sublethal cadmium concentrations on a model system: Paracentrotus lividus embryos. We demonstrated, by atomic absorption spectrometry, that the intracellular amount of metal increased during exposure time. We found, using terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay, that long treatments with cadmium triggered a severe DNA fragmentation. We demonstrated, by immunocytochemistry on whole-mount embryos, that treatment with cadmium causes activation of caspase-3 and cleavage of death substrates ␣-fodrin and lamin A. Incubating the embryos since fertilization with Z-DEVD FMK, a caspase-3 inhibitor, we found, by immunocytochemistry, that cleavage by caspase-3 and cleavage of death substrates were inactivated.
INTRODUCTION
Among the heavy metals, cadmium is considered an important toxicant, and some effects at the cellular level have been recently described. Experimental evidences suggest that the metal is able to cross the plasmalemma as a bivalent metallic ion Cd 2ϩ , probably exerting an agonistic role for the specific calcium channels (Rainbow and Black 2005) . The metal is highly dangerous not only because it easily penetrates the cells but also because it is eliminated very slowly (Jarup et al 1998) . In the majority of cases, it damages chromosomes and inhibits the mechanisms implicated in DNA repair (Schroder et al 1999) . It is known that heavy metals interfere on gametogenesis, inhibit embryogenesis, and interrupt development at different stages (Au et al 2001; Fernandez and Beiras 2001) . Cadmium exposure can also induce apoptosis in testicular tissue of rat, mouse liver, human T-cells (Xu et al 1996; Habeebu et al 1998; Tsangaris and Tzortzatou-Stathopoulou 1998) , and marine sponges (Schroder et al 1999) ; on the other hand, it has been demonstrated that caspase inhibitors attenuated Cd-induced apoptosis (Galan et al 2000) . In response to different stresses, the cells activate the synthesis of heat shock proteins (Hsps), caused by the accumulation of denatured proteins. During the Hsps induction, the cells are refractory to the toxicity of various agents, and the protection of cells is due in part to inhibition of apoptosis (Samali and Cotter 1996) . The mechanism by which Hsps may regulate apoptotic pathways is one of the newly emerging interests in the research on apoptosis.
Recently, we found that sea urchin embryos are able to respond with apoptosis to specific external stimuli and that physiological cell death is implicated in development and metamorphosis (Roccheri et al 1997 (Roccheri et al , 2002 . Sea urchin embryos represent a good model system for testing the effects of physical and chemical stress, like heavy metals, on development and cell viability (Lesser et al 2003; Kobayashi and Okamura 2004; Vega and Epel 2004; Pellerito et al 2005) . Cytotoxic concentrations of this metal induce in Paracentrotus lividus embryos the synthesis of a specific set of highly conserved proteins, the Hsps and/or metallothioneins (MT) (Scudiero et al 1994 (Scudiero et al , 1995 Russo et al 2003; Roccheri et al 2004) . We have previously demonstrated that such ability represents a general protective strategy against many stress-inducing agents including heat shock and heavy metals (Roccheri et al 1981 (Roccheri et al , 1988 (Roccheri et al , 1993 Casano et al 1998 Casano et al , 2003 Gianguzza et al 2000; Roccheri et al 2000 Roccheri et al , 2001 . If the concentration of MT and/or Hsps is not enough to block the toxic effect of the metal, cells undergo apoptosis (Samali and Cotter 1996; Hamada et al 1997) . The accumulation of damaged proteins acts as signal for induction of stress response and activates the apoptotic program (Latchman 1999) .
In the present paper, we have studied the time-dependent accumulation of cadmium in sea urchin embryos and the induction of apoptosis due to exposure to this metal.
MATERIALS AND METHODS

Embryo culture and treatment
Gametes were collected from gonads of the sea urchin P. lividus harvested from the west coast of Sicily. Eggs were fertilized at a concentration of 5000/mL and grown under gentle rotation at 18ЊC in Millipore-filtered seawater (MFSW) containing antibiotics (50 mg/L streptomycin sulfate and 30 mg/L penicillin). Just after fertilization or at different stages, embryos were continuously cultured for different times (15, 21, and 24 hours) in the presence of 1 mM CdCl 2 . Development was monitored by optical microscopy. The embryos were recovered from cadmium by repeated washings with MFSW.
Treatment with Z-DEVD-FMK
P. lividus eggs were fertilized in 4-aminobenzoic acid (PABA) to eliminate fertilization membranes and incubated with 250 M caspase-3 inhibitor (Z-DEVD-FMK). Blastulae (10 hours of development) were then incubated with 1 mM CdCl 2 for 24 hours.
Determination of metals
In order to measure cadmium content, 100 mg of embryos were acid digested in 1 mL of 70% HNO 3 and 0.5 mL of 30% H 2 O 2 at 150ЊC in oil bath. The dried residues were reconstituted in 0.2% HNO 3 and analyzed for cadmium content by atomic absorption spectrometry (AAS) using a Perkin-Elmer apparatus model 5100 equipped with Zeeman graphite furnace.
TUNEL assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay was performed on whole-mount embryos. Embryos were fixed with a solution of 0.1% formaldehyde in MFSW, washed several times and permeabilized with cold methanol, washed with MFSW and PBST (0.15 M Na 2 HPO 4 , 0.04 M NaH 2 PO 4 , 0.15 M NaCl, 0.05% Tween 20), and then incubated for 60 minutes at 37ЊC with 50 L of a solution containing the following reagents: equilibration buffer, TdT enzyme (10 U), and fluorescent nucleotide mix (5 M fluorescein 12-dUTP). Negative controls were incubated in the same mixture but without the enzyme; positive controls were pretreated with DNAase (10 g/mL) before the TdT assay. Nuclei were stained by incubation with propidium iodide (2 g/ mL). The reaction was interrupted by incubating the embryos with NaCl/sodium-citrate (300 mM/30 mM) for 15 minutes, followed by observations under confocal microscope (Olympus FV 300 with a He-Ne 543-nm laser).
Embryo fixation
Embryos, at different developmental stages, were fixed for 12-16 hours with Bouin fixative (15:5:1 of picric acid solution, 37% formaldehyde, glacial acetic acid, respectively), kept at 4ЊC in 70% ethanol after serial dehydration.
Immunocytochemistry
Samples of about 1000 embryos were analyzed. After washings in 100% ethanol and in 100% methanol containing 2 mM EDTA, the embryos were rehydrated with decreasing ethanol concentrations, washed 3 times with PBST, and incubated for 12 hours with the following polyclonal antibodies, diluted in PBST in the presence of 3% BSA: anti-caspase-3 (1:100 dilution), anti-pro-caspase-3 (1:50 dilution), anti-cleaved-lamin-A (1:100 dilution), and anti-␣-fodrin-cleaved (1:100 dilution). In the negative controls the primary antibodies were omitted. The embryos were washed 3 times with PBST and then incubated for 1 hour with the secondary antibody anti-rabbit IgG alkaline phosphatase (AP) conjugated (1:1000 dilution). The antibody excess was eliminated by washing embryos 3 times with PBST and then with TBS (150 mM NaCl, 10 mM Tris-HCl pH 8). Staining was performed in AP buffer (100 mM NaCl, 100 mM Tris-HCl, pH 9.5, 50 mM MgCl 2 ) containing NBT/BICP. The reaction was blocked with 50% ethanol. Whole embryos resuspended in 80% glycerol in PBST were finally mounted on cover slips, observed under an Axioskope MC80 microscope and photographed with 100 Asa Kodak Gold film.
RESULTS
We have previously demonstrated that subacute/sublethal cadmium concentrations induce morphological abnormalities in the embryos during development and the activation of specific stress proteins, time and dose dependent (Roccheri et al 2004) .
Since our previous results suggested that Cd was partially stored in the embryo cells, we decided to measure the absorption levels of this metal in relation to the treat- ment period. For this purpose, P. lividus sea urchin embryos, just after fertilization, were continuously cultured in 1 mM CdCl 2 for periods of time comprised from 6 to 30 hours. Cadmium content was tested by AAS, measuring the amount of metal in 100 mg of embryos. The analyses demonstrated that the amount of incorporated cadmium highly increased during time (Fig 1) .
The morphological observations showed that embryos exposed for 15 hours to 1 mM CdCl 2 were able to restore the normal development, whereas longer treatments seriously and irreversibly interfered with morphology (Roccheri et al 2004) . This suggests that an increasing number of embryo cells was induced to activate the death pathway in response to longer exposure. In order to verify this hypothesis, we performed a TUNEL assay on the embryos treated with 1 mM CdCl 2 for 24 hours. Results suggest that the majority of nuclei undergo DNA fragmentation (Fig 2) .
The execution of programmed cell death is usually operated by a proteolytic cascade that involves caspases activation. Immunocytochemical tests performed on wholemount embryos treated with 1 mM CdCl 2 and reacted with anti-caspase-3-cleaved and anti-pro-caspase-3 antibodies showed an increase of caspase-3 cleaved (Fig  3A-D) and a decrease of its zymogene (Fig 3E-H) , depending on the length of exposure to the metal. The cleavage of caspase-3 became evident after 21 hours of treatment. On the other hand, embryos untreated or treated for 15 hours showed the expression of pro-caspase-3, while the proenzyme was absent in the embryos treated for longer periods. The remarkable presence of caspase-3 cleaved in embryos treated with 1 mM CdCl 2 for 24 hours (Fig 3C) demonstrated that a longer exposure to cadmium led to the increase of apoptotic events.
Likewise, the expression of cleaved forms of ␣-fodrin (an anchorage cytoskeleton protein) and lamin A (nuclear membrane protein), substrates of caspase-3 and caspase-6, respectively, increased during treatment with cadmium (Fig 4) . To explore whether the effects previously described may depend on the stage of development, we treated for 15/24 hours blastula and gastrula embryos with 1 mM CdCl 2 . Immunocytochemical experiments demonstrated that the cleavage of caspase-3, also in this case, increased during the treatment (Fig 5) . However, it is noteworthy that the number of cells undergoing apoptosis is lower in the late embryos than in those treated just soon after fertilization (Figs 3 and 5) . This difference could be due to the fact that starting from the blastula stage, the embryos are able to synthesize stress proteins (Roccheri et al 1981) with protective and antiapoptotic functions (Samali and Cotter 1996) .
In addition, we incubated embryos soon after fertilization with Z-DEVD-FMK, specific caspase-3 inhibitor (Thornberry and Lazebnik 1998) , and at blastula stage we treated with 1 mM CdCl 2 for 24 hours in the presence of the inhibitor. Immunocytochemical experiments demonstrated that the inhibitor hampered both the caspase-3 activity and the cleavage of the death substrates ␣-fodrin and lamin A. However, embryos developed better than those treated with cadmium but were delayed, probably Immunolocalization of cleaved-caspase-3 and pro-caspase-3 on whole-mount embryos. Embryos treated with 1 mM CdCl 2 since fertilization, respectively, for 15, 21, and 24 hours, incubated with anti-cleaved-caspase-3 antibody (A-C). Embryos treated with 1 mM CdCl 2 since fertilization, respectively, for 15, 21, and 24 hours, incubated with anti-pro-caspase-3 antibody (E-G); control embryos (24 hours of development) incubated, respectively, with anticleaved-caspase-3 and anti pro-caspase-3 antibodies (D, H). because cadmium induces other cellular damages besides apoptosis (Fig 6) .
DISCUSSION
Morphological observations of P. lividus embryos treated with 1 mM CdCl 2 had pointed out the occurrence of aberrations and delay in development. The malformations increased during the time of exposure. On the other hand, the AAS analyses of cadmium absorption demonstrated that the amount of metal incorporated greatly increased during the treatment.
It has been previously demonstrated that cadmium removal from culture medium, after incubation for more than 15 hours (with 1 mM CdCl 2 ), did not allow rescuing of normal embryo development, suggesting that prolonged treatments induced irreversible damage (Roccheri et al 2004) .
It is well known that sea urchin embryos use a typical protective strategy against many kinds of stresses (Roccheri et al 1981 (Roccheri et al , 1988 (Roccheri et al , 1993 Casano et al 1998; Gianguzza et al 2000; Roccheri et al 2000 Roccheri et al , 2001 Casano et al 2003) . The fact that the synthesis of stress proteins (Hsps) after 24 hours of cadmium treatment reached plateau (not shown) suggested the existence of a threshold of the cell ability to self-defense. Hence, it may be hypothesized that a prolonged exposure to the metal could induce a toxicity level that would not allow embryos to defend themselves only by Hsps synthesis.
Many organisms can activate mechanisms of cellular programmed death in response to an excessive accumulation of toxic metals like cadmium (Samali and Cotter 1996) . On the other hand, in sea urchin embryos apoptotic processes can be induced by stresses or can be physiologically activated in specific developmental stages. If cadmium insult is not too strong, P. lividus embryos restore normal development (Roccheri et al 2004) , probably because only a few cells are damaged and removed through apoptosis, allowing the restoring of the physiological morphology. Hence, apoptosis can be considered as part of a defense strategy. In contrast, if cadmium insult were much higher, the cells addressed to death would be more numerous and the damaged DNA molecules so high that the normal development could not be restored. In fact, TUNEL assays demonstrated that DNA fragmentation depended on cadmium concentration. In addition the activation of caspase-3, one of the key molecules of apoptosis, increased in a time-dependent way. In fact, an increase of caspase-3 cleaved form and a decrease of zymogene were shown by immunocytochemistry during cadmium exposure. In the same way the cleavage of caspase-3 substrates, ␣-fodrin and of lamin A increased. It is well known that ␣-fodrin is a universally expressed membrane-associated cytoskeleton protein, important both in the maintenance of membrane structures and in the support of cell surface functions. The cleavage of ␣-fodrin, a target of caspases, leads to membrane malfunctioning and cell shrinkage (Vanags et al 1996) . Lamin A, a nuclear membrane structural protein, is essential for the cell cycle control, DNA replication, and chromatin organization. Cleavage of lamin A causes nuclear deregulation and is involved in cell death (Orth et al 1996) . The inhibition of the caspase-3 activity resulted in the hamper of ␣-fodrin and lamin A cleavage and in a reduction of DNA fragmentation. Moreover, we found that the activity of caspase-3 was higher in embryos exposed to the metal since fertilization than in embryos exposed starting from blastula and gastrula stages for the same periods of time. Such apparent discrepancy can be explained considering that heat shock proteins, synthesized by sea urchin embryos in response to stress only after blastula stage (Roccheri et al 1981) , were able to protect, at least partially, the embryos from damages and/or apoptosis.
In conclusion, we demonstrated that cadmium at cytotoxic concentrations, through caspase-3, causes apoptosis that can be repressed by specific inhibitors. In late developmental stages, Hsps interfere with apoptosis. Hence, cadmium interferes with development or by activating cell death pathways through caspase-3 or by other caspases or other mechanisms until now unknown, as suggested by the fact that after inhibition of caspase-3, the embryos showed a severe developmental delay.
In addition, in this paper we demonstrate that sea urchin embryos are able to accumulate cadmium during time; thus we can hypothesize that exposure to even low environmental concentrations could also cause cytotoxic effects. Therefore, sea urchin, an ideal animal model for studying the effects of sea pollution, could represent a good bioindicator for testing environmental cadmium pollution.
